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Genomic RNAb of barley stripe mosaic virus (BSMV) contains four defined open reading frames (ORFs). These include
the coat protein (ba) and a ‘‘triple gene block’’ consisting of the bb, bc, and bd ORFs that overlap one another. Two
subgenomic b RNAs (sgRNAb1 and sgRNAb2) with sizes of 2.5 and 0.96 kb were identified in BSMV-infected protoplasts,
and their transcription initiation sites were mapped to nucleotides 789 and 2327, respectively, of RNAb by primer extension
experiments. In a cell-free wheat germ translation system, genomic RNAb served as a mRNA only for the 22-kDa coat
protein, and sgRNAb1 directed synthesis of only the 58-kDa bb protein. However, with sgRNAb2, three proteins with sizes
of 14, 17, and 23 kDa were synthesized. Both the 14- and the 23-kDa proteins were recognized by the bd antibodies in
vitro and in vivo. These results demonstrated that the 14-kDa protein was encoded by the bd ORF and suggested that the
23-kDa protein, designated bd*, is a readthrough product of the amber stop codon of the bd ORF. Mutagenesis of sgRNAb2
revealed that the 17-kDa protein was a product of the bc ORF. Expression of sgRNAb1 and sgRNAb2 was also investigated
with the chloramphenicol acetyl transferase (CAT) reporter gene in protoplasts coinfected with RNAs a and g plus chimeric
RNAb derivatives containing the CAT gene in-frame with the bb, bc, bd, or bd* ORFs. Elimination of the sgRNAb1 promoter
abolished CAT expression from the bb-CAT chimeric RNA, and removal of the sgRNAb2 promoter prevented CAT expression
from the bc-CAT, bd-CAT, and bd*-CAT chimeric RNAs. Taken together, these results demonstrate that the BSMV coat
protein is the sole translation product of the genomic RNAb, whereas sgRNAb1 serves as a messenger for translation of
the bb protein, and sgRNAb2 functions as a messenger for translation of bc and bd and the newly discovered bd* protein.
Additional mutagenesis experiments indicate that bc is translated by a leaky scanning mechanism. q 1996 Academic Press, Inc.
INTRODUCTION lecular genetic analyses with the triple gene blocks of
potexviruses (Beck et al., 1991) and furoviruses (Gilmer et
Barley stripe mosaic virus (BSMV), the type member
al., 1992) also indicate that they are required for localized
of the hordeiviruses, is a tripartite plus-sense single-
movement. These results suggest that the proteins en-stranded virus with genomic RNAs designated a, b, and
coded by the triple gene blocks of different groups of
g. The complete nucleotide sequence of genomic RNAb
viruses have similar functions. Additional evidence forwas previously determined (Gustafson and Armour,
this hypothesis is that the proteins encoded by the first1986) and was found to contain four open reading frames
ORF of the triple gene blocks of the hordei-, potex-, and(ORFs) (Fig. 1A). The ba (coat protein) ORF is located at
furovirus groups have amino acid sequence similaritythe 5* proximus of genomic RNAb. The bb ORF is sepa-
and that all contain nucleotide binding domains that arerated from the ba ORF by a 117-nt intergenic region and
analogous to those found in some helicases (Jackson etthe bb and bc ORFs are separated by a 173-nt region.
al., 1991). The proteins encoded by the second and theThe bd ORF spans the 173-nt intergenic region and over-
third ORFs of the triple gene blocks have hydrophobiclaps 32 nt of the 3* end of the bb ORF and 191 nt of the
domains, a characteristic of membrane-bound proteins.5* end of the bc ORF. This arrangement of the bb, bc,
Cellular fractionation and immunoblot analyses have pre-and bd ORFs is similar in organization to the overlapping
viously demonstrated that the bb and bd proteins accu-‘‘triple gene blocks’’ found in the potexvirus, carlavirus,
mulate at an early stage of infection. bb is detected inand furovirus groups (Morozov et al., 1989).
soluble, membrane, and cell wall fractions, and bd isRNAb is dispensable for the replication of BSMV RNAs
mainly associated with the membrane fractions (Donald(Petty et al., 1990). However, it has previously been
et al., 1993).shown that mutations within the bb, bc, or bd ORFs
The coat protein (ba) appears to be the only proteinabolish the ability of BSMV to establish systemic infec-
translated from genomic RNAb in vitro (Dolja et al., 1983).tions in plants (Petty and Jackson, 1990). These results
Based upon this in vitro translation data and the organi-imply that proteins encoded by the triple gene block are
zation of genomic RNAb, BSMV could possibly use sev-involved in the movement of BSMV in plants. Similar mo-
eral strategies to express the ‘‘triple gene block’’ ORFs.
Proteins encoded by triple gene blocks have been pro-1 To whom correspondence and reprint requests should be ad-
dressed. posed to be expressed via one or more subgenomic
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RNAs (sgRNAs). In BSMV-infected tissue and proto- analyses were also carried out to investigate the molecu-
lar mechanisms of translation of the bc protein.plasts, a major sgRNAb is generated (Petty and Jackson,
1990; Zhou, 1995). In addition, a minor component,
thought to be a second sgRNAb, was detected in infected MATERIALS AND METHODS
plants (Weiland and Edwards, 1994). Two sgRNAs of
Recombinant plasmidssizes sufficient for the triple gene block were also found
in beet necrotic yellow vein virus (BNYVV)-infected tissue Full-length cDNA clones representing the BSMV ND18
(Gilmer et al., 1992). An abundant sgRNA that was postu- strain a, b, and g genomic RNAs (Petty et al., 1989) were
lated to originate slightly before the first ORF of the potato used throughout this study (Table 1). Several mutant de-
virus X (PVX) triple gene block was detected in infected rivatives and reporter gene constructs of the RNAb clone
tissue (Dolja et al., 1987) and protoplasts (Kohm et al., (b42SpI) were also used (Table 1). To selectively elimi-
1993). A second low-abundance sgRNA originating from nate mRNA transcription, two promoter deletions were
the PVX triple gene block has also been observed in constructed (Fig. 1). The bDM/N mutant, which is identi-
infected tissue (Dolja et al., 1987). In contrast, only one cal to a previous mutant bDIR1 (Petty et al., 1990), was
sgRNA has been found in white clover mosaic potexvirus constructed by digesting b42SpI with MluI and NcoI,
(WCMV)-infected tissue (Beck et al., 1991). blunting the ends with Klenow DNA polymerase, and
Despite the suggestive evidence for production of one religating to remove the sequence containing the pro-
or two sgRNAs encompassing the triple gene blocks of moter of sgRNAb1. To delete the region containing the
the hordei-, potex-, and furoviruses, the location of these sgRNAb2 promoter, b42SpI was digested with EcoRI and
RNAs on the genomic RNA has not been precisely deter- SacI, blunted with Klenow and T4 DNA polymerase, and
mined. Moreover, a careful analysis of the roles of these religated to generate bDE/S.
sgRNAs in translation of individual ORFs within the triple The chloramphenicol acetyl transferase (CAT) gene
gene blocks has not been conducted with any of these was amplified from the plasmid pKAT (Scholthof et al.,
virus groups. In the present study, we have identified 1993) by polymerase chain reactions (PCR), using three
conclusively and mapped precisely two sgRNAs tran- different pairs of primers (Table 2). The first pair of prim-
scribed from BSMV RNAb and have analyzed their roles ers consisted of CAT5*-2, an upstream primer with two
in expression of the triple gene block ORFs both in vitro extra G (boldface and italic) residues in front of the ATG
and in vivo. In addition, a translational readthrough of initiation codon of CAT, and a downstream primer CAT3*.
the 23-kDa fusion protein, designated bd*, was detected The second pair of primers was CAT5*-1 with one extra
G (boldface and italic) residue preceding the CAT ATGfrom the smaller of the two sgRNAs. Further mutagenesis
TABLE 1
Constructs Used for Analysis of the Triple Gene Block
Construct Description
a46 Wild-type RNAa
b42 Sp1 Wild-type RNAb
g42 Wild-type RNAg
bDM/N Deletion of the sgRNAb1 promoter
bDE/S Deletion of the sgRNAb2 promoter
bb-CAT CAT gene substitution in frame with the bb ORF
bc-CAT CAT gene substitution in frame with the bc ORF
bd-CAT CAT gene substitution in frame with the bd ORF
bd*-CAT CAT gene substitution in frame with the bd* ORF
bb-CATDB/M Deletion of the sgRNAb1 promoter
bd-CATDP/S Deletion of the sgRNAb2 promoter
bc-CATDP/S Deletion of the sgRNAb2 promoter
bd*-CATDP/S Deletion of the sgRNAb2 promoter
pSGB1 Generation of the sgRNAb1 transcript
pSGB2 Generation of the sgRNAb2 transcript
pSGB2-C2 Elimination of the bc AUG codon
pSGB2-D2 Elimination of the bd AUG codon
pSGB2-C1 Alteration of the context around the bc AUG
pSGB2-D1 Alteration of the context around the bd AUG
pSGB2-C1/D1 Alteration of the context around both the bc and bd AUGs
pSGB2-och Mutation of the bd UAG to an UAA codon
pSGB2-opa Mutation of the bd UAG to an UGA codon
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TABLE 2
Oligonucleotides Used for PCR Reactions and Site-Directed Mutagenesis
Oligo Sequence Purpose
CAT5*-2 5*-GGGCCCGGGGGATGGAGAAAAAAATC-3* PCR primer for amplifying the CAT gene
CAT5*-1 5*-GGGCCCGGGGATGGAGAAAAAAATC-3* PCR primer for amplifying the CAT gene
CAT5* 5*-GGGCCCGGGATGGAGAAAAAAATC-3* PCR primer for amplifying the CAT gene
CAT3* 5*-GCGCCCGGGTTACGCCCCGCCCTG-3* PCR primer for amplifying the CAT gene
bd-XhoI 5*-CGGAGGTAGTTCTCGAGACGGG-3* Generation of a XhoI site within the bd ORF
bOT7b1 5*-GGCAATACGACTCACTATAGTATTGACTTTAGCCATGGAC-3* PCR primer for amplifying sgRNAb-1
bO-Sal 5*-GAAATACTGTCGACCAGTGTAC-3* PCR primer for amplifying sgRNAb-1
bOT7b2 5*-GGCTGCAGAAATACGACTCACTATAGAGTAACTCTCATCGTTATTC-3* PCR primer for amplifying sgRNAb-2
3*-XbaI 5*-CCCTCTAGATGGTCTTCCCTTGGGGGACCG-3* PCR primer for amplifying sgRNAb-2
bOsub-1 5*-TTTCCTCAACAGTTTTCGTCATG-3* Primer for mapping sgRNAb-1
bOsub-2 5*-GCCAATACTTATTTGGCCTTGAACCAACTG-3* Primer for mapping sgRNAb-2
c-2 5*-CTTTTGCCTATCGGGATCCCTCATCCCCCTG-3* Elimination of the bc AUG codon
d-2 5*-GCAAAACCGGATCCAGACCACAGTTGG-3* Elimination of the bd AUG codon
c-1 5*-ATCCTTTTGCATATGTAAATGCCTCAT-3* Alteration of the context around the bc AUG
d-1 5*-TCTGCAAAACACCATGGCGACCACAGTTGG-3* Alteration of the context around the bd AUG
bO-opal 5*-GATATTGGCTGATCTTTTTATC-3* Substitution of the bd amber codon with an opal codon
bO-ocher 5*-GATATTGGCTAATCTTTTTATC-3* Substitution of the bd amber codon with an ocher codon
and CAT3*. The third pair of primers was CAT5* and site of sgRNAb1 that had been amplified by PCR, using
an upstream primer bOT7b1 (Table 2) that contains theCAT3*. All these primers contain a SmaI site (underlined).
The PCR-amplified CAT fragments were digested with T7 promoter (boldface), and a downstream primer bO-
Sal (Table 2), with a SalI site (underlined). The PCR-SmaI and isolated from low-melting agarose gels. In or-
der to generate a convenient cloning site within the bd amplified fragment was ligated with a 4.7-kb fragment of
b42SpI that had been cut with PvuII and SalI to yieldORF, a unique XhoI site was introduced into the bd re-
gion by site-directed mutagenesis with the bd-XhoI oligo- pSGB1. This construct can be linearized with SpeI for
use in in vitro transcription reactions (Petty et al., 1989).nucleotide (Table 2). To fuse the CAT gene in frame with
the bb and bd ORFs, PCR-amplified CAT fragments (us- To generate the pSGB2 precursor plasmid for produc-
tion of the sgRNAb2 transcripts with an authentic 5* ending the primer pair CAT5* and CAT3*) were introduced
between the Klenow-blunted SalI site of the bb region for in vitro translation, a fragment extending from nucleo-
tide 2327 (the transcription initiation site of sgRNAb2)and the Klenow-blunted XhoI site of the bd region. The
resulting constructs were designated bb-CAT and bd- to the 3* end of RNAb was amplified by PCR. For this
procedure, we used an upstream primer, bOT7b2 (TableCAT, respectively. To introduce the CAT gene in frame
with the bc ORF, the CAT fragment amplified with the 2), containing a PstI site (underlined), the T7 polymerase
promoter (boldface and italic), and a downstream primer,primer pair (CAT5-2*/CAT3*) was introduced into the
Klenow-blunted BglII site of the bc region. This manipula- 3*-XbaI (Table 2), that contains an XbaI site (underlined).
The PCR-generated fragments were digested with PstI/tion produced bc-CAT. In order to generate bd*-CAT, a
CAT fragment was PCR amplified with the primer pair XbaI, isolated from a low-melting agarose gel, and ligated
into the PstI and XbaI sites of the pUC 119 plasmid.CAT5-1* and CAT3* and introduced into the blunted BglII
site within the bd* ORF. The orientations of the inserted The resulting precursor pSGB2 plasmid with the native
sgRNAb2 insert was then used to generate the pSGB2CAT genes were determined by restriction enzyme map-
ping and subsequently the insertions were sequenced derivatives. These constructs can be linearized by XbaI,
and transcripts generated in vitro contain an extra ade-to confirm that CAT was in the correct reading frame.
The sgRNAb1 promoter was removed from the bb-CAT nine residue following the 3* end of RNAb.
Site-directed mutagenesis was used to produce allconstruct by digesting with BstBI and MluI to generate
the promoter mutant bb-CATDB/M. The sgRNAb2 pro- of the sgRNAb-2 point mutations described below. The
pSGB2-C2 and pSGB2-D2 mutants lacking the AUGs pre-moter was eliminated from the bc-CAT, bd-CAT, and bd*-
CAT by digesting with PstI and SacI, filled in and religated ceding the bc and bd ORFs, respectively, were gener-
ated using the oligonucleotides c-2 or d-2 (Table 2). Theto yield bc-CATDP/S, b42d-CATDP/S, and bd*-CATDP/S,
respectively. These constructs are described in Table 1 pSGB2-C1, pSGB2-D1, and pSGB2-C1/D1 mutants con-
taining alterations within the nucleotide context aroundand are illustrated in the appropriate figures.
The plasmid (pSGB1) for transcription of sgRNAb1 with the AUGs of the bc and bd ORFs, respectively, were
also constructed using the oligonucleotides c-1, d-1, oran authentic 5* end for in vitro translation experiments
was constructed from a fragment containing the initiation a combination of both (Table 2). The pSGB2-och and
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pSGB2-opa mutants containing the UAA and UGA stop In vitro translation and immunoprecipitation
codons were created using the bO-och and bO-opa oli-
The wheat germ translation system (25 ml) was pro-
gonucleotides (Table 2). All point mutations were verified
grammed with 0.2 to 1 mg of RNA in the presence of
by DNA sequence analysis.
[35S]methionine or [14C]leucine (Amersham, Arlington
Heights, IL) as described by Promega (Madison, WI).
Inoculation of plants and protoplasts Following translation, immunoprecipitations were per-
formed using antibodies raised against the coat protein,
For whole-plant infectivity assays, 8-day-old barley
the bb protein, and a peptide derived from bd, respec-
seedlings (cultivar Black Hulless) were inoculated with
tively (Donald et al., 1993). The translation or immunopre-
RNA transcripts (0.3 mg/ml) in GKP buffer [50 mM glycine,
cipitated products were separated on 12 or 15% poly-
30 mM KHPO4 (pH 9.2), 1% bentonite, 1% celite] as de- acrylamide gels. Gels were fixed in 40% methanol and
scribed by Petty et al. (1989). Inoculated plants were
10% glacial acetic acid for 30 min and incubated with 1
grown in a growth chamber with a 14-hr light regimen
M salicylic acid for 30 min before drying and overnight
and a diurnal temperature fluctuating between 18 and 267.
flurography.
Protoplasts were prepared from the barley cultivar
Larker, transfected, and inoculated as described by Petty Western blot analysis
et al. (1990). CAT assays were performed as described
Membrane fractions (P30) of BSMV-infected barley tis-by Ausubel et al. (1989).
sue were isolated as described by Donald et al. (1993),
and proteins were precipitated with 5 vol of acetone.RNA extraction and analysis
Proteins were separated on 15% polyacrylamide gels and
electrophoretically transferred to nitrocellulose (Sam-RNA extraction was described previously (Petty et al.,
brook et al., 1989). Subsequently, the blots were probed1990) and hybridization analyses were conducted as de-
with bd antibodies and developed with the enhancedscribed by Ausubel et al. (1989). The DNA probes used
chemiluminescence (ECL) detection system as de-in hybridizations were labeled by nick-translation (Sam-
scribed by the manufacturer (Amersham, Arlingtonbrook et al., 1989). The probes B1, B2, and B3 were
Heights, IL).generated by labeling the b42Sp1 cDNA fragments di-
gested with XbaI/BstBI (B1), NcoI/EcoRI (B2), and EcoRI/
RESULTSBglII (B3), respectively. The CAT probe was derived from
the PCR-amplified CAT fragments described above.
Analysis of BSMV RNAb subgenomic RNAs
generated in infected protoplasts
Primer extension mapping
To identify and approximately locate regions governing
the production of the sgRNAb species during BSMV in-Oligonucleotides were labeled at the 5* end with [g-
32P]ATP by T4 polynucleotide kinase (USB, Cleveland, fection, barley mesophyll protoplasts were coinoculated
with RNAa and RNAg transcripts, plus the wild-type (wt)OH). The 32P-labeled oligonucleotides bOsub-1 and bO-
sub-2 (Table 2), which are complementary to BSMV geno- RNAb, the mutant derivative RNAb (bDM/N), which con-
tains a 24-nt deletion before the bb ORF, or the mutantmic RNAb from nucleotide 808 to 829 and from nucleo-
tide 2369 to 2399, respectively, were used to map derivative RNAb (bDE/S), which contains a 158-nt dele-
tion preceding the bd ORF (Fig. 1). RNAb species synthe-sgRNAb1 and sgRNAb2. The 32P-labeled (5 to 7 1 105
cpm) oligonucleotides were hybridized to RNA isolated sized in infected protoplasts were analyzed using three
probes spanning different regions of RNAb (Fig. 1). In allfrom BSMV-infected protoplasts in a hybridization buffer
(80% formamide, 40 mM PIPES, pH 6.4, 400 mM NaCl, 1 cases, the B1 probe, corresponding to the coat protein
region, hybridized only to genomic RNAb (gRNAb), show-mM EDTA) at 25 to 307 overnight. The resulting RNA–
primer hybrids were ethanol precipitated and resus- ing that the sgRNAs did not contain this region of the
genome (Fig. 1). When the inoculum contained wild-typepended in H2O. Extension reactions were carried out for
1 hr using 200 units of M-MLV reverse transcriptase RNAb, the B2 probe, which corresponds to the bb region,
detected gRNAb, plus easily visualized but lower(BRL) in the presence of a mixture of 500 mmol of the
four deoxynucleotides at 37 to 427 as described by the amounts of an approximately 2.5-kb subgenomic RNAb
designated sgRNAb1. In addition, the B3 probe, whichmanufacturer. The extension products were ethanol pre-
cipitated and resuspended in TE buffer containing 50% was derived from the bd and bc region, revealed gRNAb
and sgRNAb1, plus a smaller and much less abundantformamide. Samples were boiled for 5 min and analyzed
on 8% polyacrylamide/7 M urea sequencing gels. DNA RNAb species of approximately 950 nt that was desig-
nated sgRNAb2 (Fig. 1A). However, when the mutantsequencing ladders from cDNA b42Sp1 were generated
with the bOsub-1 or bOsub-2 primers using dideoxy- derivatives bDM/N or bDE/S replaced wt RNAb in the
inoculum, different patterns of sgRNAb species ap-nucleotide methodology (Sanger et al., 1977).
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peared. In the bDM/N-infected protoplasts, the overall
level of RNAb synthesis was reduced by about 10-fold
because deletion of the ba–bb intergenic region com-
promises the efficiency of replication (Zhou, 1995). How-
ever, sgRNAb1 was no longer detected by either the B2
or the B3 probe, whereas sgRNAb2 could still be de-
tected by the B3 probe (Fig. 1B). More importantly, the
relative sgRNAb-2/gRNAb ratios resulting from the
bDM/N mutant were similar to the ratios observed in
protoplasts inoculated with wt RNAb. This result sug-
gested that essential promoter elements required for
transcription of sgRNAb1 are located within the ba–bb
intergenic region. In contrast, when bDE/S was used in
the inoculum, amounts of sgRNAb1 and gRNAb similar
to those transcribed from wt RNAb were detected by the
B2 and B3 probes, whereas sgRNAb2 could no longer
be detected by the B3 probe (Fig. 1C). This indicates that
a region upstream of the bd ORF contains at least a
portion of the sgRNAb2 promoter. Taken together, these
results confirm the observation of the small sgRNA by
Weiland and Edwards (1994) and clearly demonstrate
that in addition to the gRNAb, two sgRNAb species are
generated during infection by BSMV. The results also
show that sgRNAb1 and sgRNAb2 are transcribed from
two independent regions of RNAb, since elimination of
sgRNAb1 production did not have a major effect on the
relative levels of gRNAb to sgRNAb2 synthesis and, con-
versely, failure to produce sgRNAb2 did not interfere with
production of sgRNAb1.
Mapping of sgRNAb1 and sgRNAb2
To map precisely the 5* ends of sgRNAb1 and
sgRNAb2, primer extension analyses were performed on
RNAs extracted from mock- and BSMV-infected proto-
plasts using end-labeled oligonucleotides (Fig. 2). The
extension products were detected only in the RNA sam-
FIG. 1. Identification of subgenomic bRNAs in BSMV-infected proto-ples prepared from BSMV-infected protoplasts, showing
plasts. Schematic representations of BSMV genomic RNAb and mutant
that the primers annealed specifically with BSMV RNAb. RNAb promoter deletion derivatives are depicted at the top of the blots
Using the bOsub-1 primer, which is complementary to in A, B, and C, respectively. The cap structure is illustrated as a black
dot. The open reading frames (ORFs) are represented by differentgenomic RNAb from nucleotide positions 808 to 829, two
shaded boxes. The proteins encoded by individual ORFs are indicatedpredominant products differing by a single nucleotide
below or above the boxes. The internal poly(A) tract separating the 3*were evident on the sequencing gel (Fig. 2B). Similarly,
proximal ORF from the tRNA-like terminal sequence is represented by
two major extension products differing by a single nucle- (A)n . The restriction enzymes used for production of internal deletions
otide were also observed when the bOsub-2 oligonucle- are shown at the top of the diagram in A. Deleted regions in the
bDM/N and bDE/S mutants are shown by broken lines in B and C,otide was used as a primer in the extension reaction
respectively. The three black bars above the RNAb genome represent(Fig. 2C). The appearance of doublets in primer extension
the B1, B2, and B3 probes that span corresponding regions of RNAbexperiments is thought to be a characteristic of RNA
and were used for hybridizations with the left, middle, and right blots
templates that are capped at the 5* termini (Ahlquist and in A, B, and C, respectively. RNA blot analyses of total RNA from proto-
Janda, 1984; Gustafson et al., 1987; Heaton et al., 1989). plasts infected with RNAa and RNAg plus RNAb, the deletion mutant
RNAbDM/N, or the deletion mutant RNAbDE/S are shown in A, B, andThe doublets shown in Figs. 2B and 2C thus provide
C, respectively. The positions of the genomic RNA (b), subgenomicindirect evidence suggesting that sgRNAb1 and
RNAb1 (sgRNAb1), and subgenomic RNAb2 (sgRNAb2) are shown tosgRNAb2 generated during BSMV infection are capped.
the right side of the panels. The blots in B were exposed 5 to 10 times
As shown by comparison with the DNA sequence ladder longer than those in A and C because of the relatively weak replicative
generated from the b42SpI cDNA clone using the bOsub- ability of the RNAbDM/N caused by the deletion of the ba–bb in-
tergenic region.1 primer (Fig. 2B), the transcription initiation site of
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then utilized to determine the translation products of the
sgRNAs in a wheat germ cell-free translation system.
As a control, an experiment was conducted with the
wild-type RNAb transcript. In the control experiment, only
two protein products which differ about 1 or 2 kDa in
size were detected (Fig. 3A, lane 2) even after prolonged
exposure of the phosphorimager plates (data not shown).
Immunoprecipitation analyses showed that both of these
products were precipitated by the BSMV coat protein
antibodies, but they were not precipitated by the bb anti-
bodies (Fig. 3A, lanes 3 and 4). These results verified the
previous finding (Dolja et al., 1983) that RNAb serves as a
FIG. 2. Mapping of sgRNAb1 and sgRNAb2 transcription initiation
sites by primer extension analysis. (A) The arrows shown below the
two expanded portions of the RNAb genome represent the positions
of the two primers used in the extension experiments. The numbers
indicate the 5* positions of the primers on the genomic RNA. (B and
C) Total RNAs from mock (M)- and BSMV-infected (I) protoplasts were
annealed with the 32P-5*-end-labeled bOsub-1 primer or the bOsub-2
primer and extended with reverse transcriptase. The resulting exten-
sion products were analyzed on 8% sequencing gels. The arrows indi-
cate the 5* termini of sgRNAb1 or sgRNAb2 that were deduced from
the sequencing ladders generated from the b42Sp1 plasmid DNA using
the primers. The upper of the two strong-stop bands (*) suggests the
presence of a 7mG cap structure. The numbers beside the arrows
indicate the transcription initiation sites of the sgRNAs, respectively.
The letters to the right of the gel correspond to a portion of the nucleo-
tide sequence of the sgRNAb1 or sgRNAb2 leader sequence.
sgRNAb1 corresponds to a guanosine residue at nucleo-
tide 789 of RNAb. Therefore, the results indicate that
sgRNAb1 is a 2500-nt mRNA that contains an untrans-
lated leader sequence of 15 nt preceding the first bb AUG
FIG. 3. In vitro translation of gRNAb (A), sgRNAb1 (B), and sgRNAb2initiation codon. Similarly, transcription of the sgRNAb2
(C) transcripts in a wheat germ cell-free system. The positions of the
initiates from a guanosine at nucleotide 2327 of RNAb, proteins and their sizes are indicated to the right of the gel. (A) Transla-
as indicated by comparison with the DNA ladder gener- tion products of genomic RNAb labeled with [14C]leucine and separated
on a 12% polyacrylamide–SDS gel. Lane 1 shows a translation reactionated from the b42SpI cDNA clone with the bOsub-2
conducted without adding RNAb. Lane 2 contained translation productsprimer (Fig. 2C). This result shows that sgRNAb2 is 962
of RNAb. Lanes 3 and 4 were loaded with immunoprecipitation prod-nt long with a 32-nt untranslated leader region upstream
ucts from the coat protein antibodies and the bb antibodies, respec-
of the first bd AUG codon. tively. (B) Translation products of sgRNAb1 labeled with [35S]methionine
and separated on a 12% polyacrylamide–SDS gel. Lane 1 was loaded
with a reaction lacking sgRNAb1. Lane 2 shows the translation prod-In vitro translation of the sgRNAb1 and
ucts of sgRNAb1. Lanes 3 and 4 contained immunoprecipitation prod-sgRNAb2 transcripts
ucts of the bb antibodies and the coat protein antibodies, respectively.
(C) Translation products of sgRNAb2 labeled with [35S]methionine andFollowing determination of the precise 5* ends of
separated on a 15% polyacrylamide–SDS gel. Lane 1 shows a transla-
sgRNAb1 and sgRNAb2, cDNA clones were constructed tion reaction lacking sgRNAb2. Lane 2 contained the translation prod-
to permit in vitro transcription of sgRNAb1 and sgRNAb2 ucts of sgRNAb2. Lane 3 shows the translation products immunopre-
cipitated with bd antibodies.transcripts with authentic 5* ends. These transcripts were
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precipitated the 14- and 23-kDa translation products, but
not the 17-kDa product (Fig. 3C, lane 3). By examination
of the previously published RNAb sequence, it was found
that following the amber stop codon of the bd ORF, 72
amino acids are encoded in the same reading frame.
Thus, a translational readthrough of the amber stop co-
don could potentially lead to production of a 23-kDa pro-
tein. Since both the 14- and 23-kDa proteins can be im-
munoprecipitated by bd antibodies, we postulated that
the 14-kDa product was in fact bd and that the 23-kDa
product, which we designated bd*, was a readthrough
product of the bd ORF. Because antibodies to bc were
not available, mutations were introduced into the bc and
bd ORFs and their effects on the translation products
were determined. The first two AUG codons on sgRNAb2,
which are thought to be used by bd and bc, respectively,
are separated by a 205-nt region on sgRNAb (Fig. 4A).
When the C-2 mutant transcript lacking the AUG codon
of the bc ORF was used for in vitro translation, the 14-
and 23-kDa proteins were still synthesized; however, the
17-kDa protein was not present (Fig. 4B). This result indi-
FIG. 4. In vitro translation of the sgRNAb2, C-2, and D-2 mutant cated that the 17-kDa protein is translated from the bc
transcripts. (A) Schematic representation of sgRNAb2 and the C-2 and ORF. Furthermore, the D-2 mutation eliminating the bd
D-2 derivatives. The first two AUGs of sgRNAb2 are indicated by vertical AUG initiation codon of sgRNAb2 abolished translation
lines. The bd, bd*, and bc products initiated from each AUG are de-
of both the 14- and the 23-kDa proteins, but translationpicted by rectangles above the RNAs. (B) Translation products labeled
of the 17-kDa protein was increased by more than two-with [35S]methionine after separation on a 15% polyacrylamide–SDS
gel. The sources of the RNA transcripts used for translation are indi- fold. This result provides additional evidence that the 17-
cated at the top of the gel. The sizes of each protein are indicated to kDa protein is the product of bc and that the bd and bd*
the left. derivatives are both initiated at the first bd AUG codon.
Detection of the 23-kDa protein in infected leaf tissuemRNA only for the coat protein. At present, the difference
between the two proteins detected in vitro has not been
After discovery of the 23-kDa protein in vitro, BSMV-
determined. However, both must be coat protein deriva-
infected barley leaves were analyzed to determine
tives since they are precipitated by the coat protein anti-
whether the protein was present in vivo. It had been
bodies. In contrast, when the sgRNAb1 transcript was
demonstrated previously that the bd protein was pre-
used to program the wheat germ system, a single major
dominately localized in the membrane fraction (Donald
protein product of approximately 58 kDa was detected
et al., 1993). Therefore, this fraction was analyzed in
(Fig. 3B, lane 2). Immunoprecipitation experiments re-
western blot experiments using bd antisera. Both the bd
vealed that the 58-kDa product was precipitated by the
(14 kDa) and the bd* (23 kDa) proteins were detected in
bb antisera, but not by the coat protein antisera (Fig. 3B,
the membrane fraction from infected barley tissue, but
lanes 3 and 4). These results demonstrate that the 58-
kDa protein is bb and that sgRNAb1 is used solely for
expression of bb in vitro.
When in vitro translations were programmed with
sgRNAb2, three proteins of approximately 14, 17, and 23
kDa were detected (Fig. 3C, lane 2). The 14-kDa protein
was the predominant product, with lower levels of the
17- and the 23-kDa proteins present. Incorporation of
radioactivity into each product was quantified with a
phosphorimager and the abundance of each protein was FIG. 5. Serological detection of proteins from BSMV-infected barley
tissues using bd antibodies. Mock (M)- and BSMV-infected (I) barleydetermined from its methionine content. The molar ratios
leaves were macerated and fractionated. The P30 pellets containingof the bd and bc proteins were calculated to be about
the membrane fraction were extracted with Laemmli buffer and the10 to 1, and the molar ratios of the bd and bd* protein
proteins were separated on a 15% polyacrylamide–SDS gel. After the
were about 25 to 1. To determine the identity of these proteins were transferred to nitrocellulose paper, the blots were probed
proteins, the translation products were further character- with bd antibodies coupled with an ECL detection system. The identity
and the sizes of the proteins are indicated to the right.ized by immunoprecipitation. The bd antisera specifically
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(Fig. 7). Additional cDNA derivatives containing deletions
in the putative promoters of sgRNAb1 and sgRNAb2
were also constructed. The replicative ability of these
reporter constructs was tested in barley protoplasts coi-
noculated with RNAs a and g. By hybridizing RNAs from
the infected protoplasts with the radioactively labeled
CAT gene probe, two RNA species, gRNAb-CAT and
sgRNAb1-CAT, were detected in RNAs extracted from
protoplasts inoculated with the bb-CAT transcript. When
protoplasts were coinfected with RNAs a and g plus the
bc-CAT, the bd-CAT, or the bd*-CAT transcripts, three
CAT-specific RNA species, gRNAb-CAT, sgRNAb1-CAT,FIG. 6. In vitro translation products of the sgRNAb2 derivatives con-
taining the wild-type amber and the mutant ocher and opal stop codons. and sgRNAb2-CAT, were detected among the progeny
The translation products were labeled with [35S]methionine and sepa- RNAs (Fig. 8A). These results show that each of the chi-
rated on a 15%–polyacrylamide SDS gel. The sources of the RNA meric RNAs can be replicated efficiently and that the
transcripts are indicated at the top. The positions of the proteins and
corresponding sgb RNAs are transcribed in protoplasts.their sizes are indicated to the right. Note that alteration of the amber
When the sgRNAb1 promoter was deleted from bb-CAT(UAG) codon to an ocher (UAA) codon in sgRNAb2-och results in a
serine to an asparagine change in bc which may contribute to the to generate the mutant bb-CATDB/N, production of
slightly slower mobility of the bc translation product. sgRNAb1-CAT was completely abolished and the accu-
mulation of the gRNAbb-CAT was also reduced (Fig. 8A).
This result is consistent with findings (Zhou, 1995) that
corresponding proteins were not evident in extracts from
the ba–bb intergenic region contains cis elements in-mock-infected tissue (Fig. 5). These results thus demon-
strate the presence of the bd* protein in infected plants.
Synthesis of bd* appears to be independent of the
presence of bd amber, opal, or ocher
termination codons
Our experimental results have indicated that the 23-
kDa protein results from a translational readthrough of
the bd amber stop codon. Since the UAA (ocher) and
UGA (opal) termination codons are used for the BSMV
bb and ba ORFs, respectively, we initiated experiments
to determine whether the presence of these codons af-
fected translational readthrough. For these experiments,
the bd UAG (amber) codon was changed to UAA and
UGA termination codons by site-directed mutagenesis
(Table 2). When sgRNAb2 transcripts containing the
UAG, the UAA, or the UGA bd termination codons were
translated, similar amounts of the 23-kDa bd* protein
were produced from all three sgRNAb2 transcripts (Fig.
6). This result indicates that the ocher and opal stop
codons, like the amber codon, are suppressed in the
wheat germ extract, and that expression of bd* is rela-
tively independent of the presence of the particular termi-
nation codon.
Expression of the CAT reporter gene from
subgenomic RNAb in protoplasts
FIG. 7. Diagrammatic representation of chimeric CAT constructs. The
organization of the RNAb genes and the symbols depicting individualTo further examine expression of the triple gene block
regions of RNAbwere described in Fig. 2. The CAT gene is representedproteins, translation of the two sgRNAbs was investi-
by a shaded box. The enzymes used in plasmid construction are shown
gated in a protoplast system. In order to monitor expres- at the top of the diagram. The XhoI site represented by an (*) was
sion from each ORF easily, the CAT gene was individually generated by site-directed mutagenesis. CAT mutants containing pro-
moter deletions are illustrated in the bottom four diagrams.introduced in frame into the bb, bc, bd, and bd* ORFs
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from bc-CAT RNA indicates that the bc ORF is ex-
pressed in vivo. In addition, expression of CAT from
the bd*-CAT derivative provides further evidence that
suppression of the amber stop codon of the bd ORF
occurs in vivo. Moreover, the absence of sgRNAb1
correlated with lack of expression of CAT from bb-
CAT, and the failure of sgRNAb2 to be synthesized
was also associated with inability to synthesize CAT
from the bc, bd, and bd* ORFs, respectively. The re-
sults of these in vivo studies thus fully support the in
vitro translation analyses (Fig. 3). Therefore, we con-
clude that sgRNAb1 serves as a messenger for expres-
sion of the bb gene and that the bc, bd, and bd* genes
are translated from sgRNAb2.
Effects of alteration of bases around the AUGs
of the bd and bc ORFs on relative levels
of protein expression
After in vivo and in vitro detection of bc expression
from sgRNAb2, additional mutagenesis experiments
were carried out to investigate the translational mech-
anism of bc. The AUG codon of the bc ORF is the
FIG. 8. (A) Replication of the chimeric RNAb CAT derivatives. RNAs
second AUG on sgRNAb2, and it is located 205 ntextracted from protoplasts 20 hr after coinfection with RNAa and
downstream of the first AUG of the bd ORF. It has beenRNAg plus the individual chimeric RNAb CAT derivatives indicated
at the top of each lane. RNAs transferred to nitrocellulose were documented that an adenine at the 03 position and a
hybridized with the 32P-labeled CAT gene probe. The positions of guanine at the /4 position are the most common
the chimeric gRNAb-CAT, sgRNAb1-CAT, and sgRNAb2-CAT deriva- bases flanking the AUG start codons of eukaryotic
tives are indicated to the left. Note that as in Fig. 3, deletion of the
mRNA and that these features provide an optimalba –bb intergenic region reduced the level of replication of gRNAb
translational context (Cavener and Ray, 1991; Kozak,and production of sgRNAb2 about 10-fold. The RNAb CATDB/N de-
rivatives in the right three lanes are also smaller than RNAb CAT; 1991a) (Fig. 9A). Examination of the nucleotides sur-
consequently, gRNAb-CATB/N and sgRNAb1-CATB/N migrate more rounding the AUGs of bc and bd reveals that a guanine
rapidly in the gel. (B) CAT activity from barley protoplasts extracted is present at the /4 position of the bc AUG, whereas
at 20 hr postinoculation. The lane labeled CAT shows 100 ng of
neither adenine nor guanine are present at the 03 orpurified CAT enzyme used as a positive control. The mock lane /4 position of the bd AUG (Fig. 9B). Therefore, theindicates the lack of CAT activity of extracts from mock (M)-infected
protoplasts. The remaining lanes show CAT activity from protoplasts nucleotide context surrounding the bd AUG codon ap-
co-infected with RNAa and RNAg together with individual chimeric pears to be less optimal for ribosome initiation than
RNAb– CAT transcripts that are indicated at the top of each lane. that of the bc AUG. This provides a possible mecha-
The mobilities of [14C]chloramphenicol (14C-cm) and its derivative
nism that may permit a portion of the ribosomes toproducts that were acetylated by CAT at either position 1 (1-Ac) or
bypass the bd AUG codon and initiate translation fromposition 3 (3-Ac) or at both positions are indicated to the left.
the bc AUG. To test this possibility, the bases around
the AUGs of the bd and bc ORFs were altered by site-
directed mutagenesis as illustrated in Fig. 9B. Thevolved in replication of RNAb. In contrast, when mutants
(bc-CATDP/S, bd-CATDP/S, and bd*-CATDP/S in Fig. sgRNAb2 derivative RNAs containing these mutations
were then used to program a wheat germ translation8A) containing deletions within the sgRNAb2 promoter
were coinoculated with RNA a and g into protoplasts, system. To have accurate comparison among reac-
tions, equal amounts of transcripts (0.2 mg) were usedproduction of the chimeric sgRNAb2-CAT derivatives
was eliminated. However, production of sgRNAb1-CAT as templates for translation. The translational levels of
the products were determined based on a phosphorim-appeared not to be affected (Fig. 8A). All these results
are consistent with the RNA analyses shown in Fig. 1, ager quantification of the incorporated radioactivity
and the number of methionines present in each pro-indicating that two sgbRNAs are generated during BSMV
infection. tein.
Alteration of the bd AUG context from the wild typeCAT enzyme activity was also determined in proto-
plasts infected with chimeric RNAs. Active CAT was to a more optimal context did not substantially affect
translation of bd from either the D1 or the C1/D1 RNAsexpressed from the bb-CAT and bd-CAT RNAs, and
also from bc-CAT and bd*-CAT (Fig. 8B). CAT activity (Fig. 10). However, translation of bc from the D1 mutant
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tional evidence to support a ribosomal scanning mecha-
nism for translation of bc, because the scanning model
predicts that removal of the initiation codon of the first
ORF should increase translation of the second ORF on
the mRNA.
DISCUSSION
Generation of two subgenomic RNAs may be a
general mechanism used for expression of the
‘‘triple gene block’’ ORFs
Petty and Jackson (1990) were previously able to de-
tect only a 2.5-kb sgRNAb in BSMV-infected plant tissue,
FIG. 9. (A) Nucleotide context around the AUGs of eukaryotic mRNAs.
(B) Mutants with alterations of the nucleotide context around the AUGs
of the bd and bc ORFs. The altered bases are underlined. (C) Nucleo-
tide context around the two AUGs of the last two ORFs of the triple
gene blocks of BSMV, PVX, and BNYVV. The bases that are matched
with the eukaryotic consensus sequence are written in capital letters.
The positions of each sgRNAb2 ORF of BSMV and the corresponding
sgRNAs of the PVX and BNYVV ORFs are indicated at the top of the
sequence.
was decreased by about 3-fold. When the initiation codon
of the bc ORF was changed from the wild-type optimal
context to a suboptimal context (C1 mutant), the transla-
tion of bc was reduced by about 5-fold in the presence
of the wild-type (suboptimal) bd context. In agreement
with expectations, the C1/D1 mutant with simultaneous
alterations of the bd AUG context from wild type (subopti-
mal) to optimal and the bc AUG context from wild type
(optimal) to suboptimal resulted in more than a 10-fold
reduction of the bc product (Fig. 10). The results showed
that whenever the bases around the AUG of bd are in a
good translational context, or when the bases around FIG. 10. (A) In vitro translation of the sgRNAb2 mutants containing
the AUG of bc are in a poor context, the level of bc the altered bases shown in Fig. 9. The translation products were la-
beled with [35S]methionine and separated on a 15% SDS–polyacryl-translation is reduced substantially. These results fit Ko-
amide gel. The source of the RNA transcripts is indicated at the bottomzak’s predictions and indicate that bc is translated by
of the gel. The positions of the proteins and their sizes are indicated
leaky scanning. In addition, elimination of the initiation to the right of the gel. (B and C) Quantification of the relative radioactivity
codon of bd (D2 mutant) resulted in about a 3-fold in- of the bc and bd proteins with a phosphorimager. Note that the scales
of the Y axes of B and C are different.crease in synthesis of bc (Fig. 10). This provides addi-
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and we consequently postulated that the triple gene (Beck et al., 1991), these experiments probably had tech-
nical difficulties similar to those we previously encoun-block of BSMV might be expressed from a single sgRNAb
(Donald et al., 1993). However, our earlier failure to detect tered with BSMV. Therefore, we postulate that viruses
containing a triple gene block express their proteins fromsgRNAb2 appears to have been a consequence of its
low levels of transcription, combined with the presence two sgRNAs. The larger and more abundant sgRNA is
used for expression of the first ORF of the triple geneof minor heterogeneous incomplete or degraded RNAb
products. In the present study, by using different RNA b block. The smaller sgRNA, which is expressed in consid-
erably lower abundance, serves as a mRNA that uses aprobes and sgRNA promoter deletion mutants, we have
demonstrated unambiguously that in addition to the 2.5- leaky scanning mechanism for expression of the bd and
the bc analogues of the triple gene block.kb sgRNAb1, a 0.95-kb sgRNAb2 species is transcribed
in infected protoplasts. Thus, our present results confirm
Expression of the triple gene block proteins isthe findings of Weiland and Edwards (1994), who de-
mediated in part by transcriptional controlstected a 1-kb minor RNA component that appears to
correspond to sgRNAb2. Our primer extension experi-
Our results and those of Weiland and Edwards (1994)
ments extend these results and reveal that transcription
show that sgRNAb1 accumulates to much higher levels
is initiated at sites located 15 and 32 nt upstream of the
than that of sgRNAb2 in protoplasts and plants. These
initiation codons of the bb and bd ORFs and that
observations correlate with previous findings that the bb
sgRNAb1 and sgRNAb2, respectively, are 2500- and 962-
protein is more abundant in infected tissue than the bd
nt RNAs. Moreover, deletions within the ba–bb in-
protein (Donald et al., 1993). Differences in the abun-
tergenic sequence and a region immediately upstream
dance of sgRNAb1 and sgRNAb2 suggest that their tran-
of the bd ORF indicate that the promoters or critical
scription rates may be different. Although possible differ-
components of the promoters responsible for transcrip-
ential turnover rates of the two sgRNAs can not be abso-
tion of sgRNAb1 and sgRNAb2, respectively, reside
lutely eliminated, the simplest working hypothesis at
within the deleted regions. Additional in vitro translation
present is that the abundance of the two mRNAs in cells
evidence and reporter gene assays in vivo show that the
is directly correlated with their levels of transcription.
two sgRNAb species are mRNAs that direct synthesis of
From these results, differential transcription of sgRNAb1
the triple gene block proteins. The bb protein is synthe-
and sgRNAb2 appears to be largely responsible for the
sized by sgRNAb1. The translation strategy of sgRNAb2
differences observed in the levels of the bb and bd pro-
is more complex, since this RNA serves as a messenger
teins in infected plants, suggesting that BSMV has
for synthesis of three proteins: bc and bd, plus a transla-
evolved a transcriptional control system to mediate the
tional readthrough product, bd*. Translation with RNAb
coordinated expression of the triple gene block proteins.
also verifies the conclusions of Dolja et al. (1983) that
the coat protein is the sole translation product of the Translational controls provide a mechanism for fine
genomic RNA. tuning the expression of sgRNAb2 genes
Detailed studies are not available to clarify the mecha-
nisms whereby the triple gene blocks encoded by viruses In order to maximize the coding capacity from a small
amount of genetic information, small RNA viruses haveother than BSMV are expressed. Two putative sgRNAs
for expression of the PVX and BNYVV triple gene blocks evolved a number of interesting translation strategies for
expression of multiple gene products from a singlewere previously observed in infected tissue (Dolja et al.,
1987; Gilmer et al., 1992). Although these RNAs were not mRNA (Rohde et al., 1994). From the evidence presented
above, BSMV RNAb2 appears to be a tricistronic mRNA.precisely mapped or extensively analyzed, artificial RNA
transcripts derived from PCR fragments were used to Our results have demonstrated that the 14-kDa bd pro-
tein is translated from the 5* proximal ORF of sgRNAb2.study expression of the triple gene block of PVX in vitro
(Morozov et al., 1991). These experiments suggested that Several experimental approaches also indicated that a
newly identified 23-kDa protein, bd*, is a translationalthe longer transcript could only translate the first ORF
for the 25-kDa protein, whereas the shorter transcript readthrough product of the amber stop codon of the bd
ORF. The 14- and the 23-kDa proteins were both precipi-containing the second and third genes could serve as a
mRNA for the 12- and 8-kDa proteins in vitro. Examination tated by bd antibodies in vitro, and they were also de-
tected by bd antibodies using immunoblot analyses ofof the published sequence reveals that the nucleotides
surrounding the two AUGs of the last two ORFs of the infected tissue. Furthermore, CAT was expressed from
the chimeric 23-kDa protein by placing the CAT gene intriple gene block of PVX and BNYVV are arranged simi-
larly to those of the BSMV bd and bc ORFs (Fig. 9C). frame with the bd* ORF. These results thus provide a
strong argument that readthrough of the amber stop co-Thus, the context surrounding these ORFs of all three
viruses fits the requirements for leaky scanning. Although don of the bd ORF occurs both in vitro and in vivo. In
addition to demonstrating the presence of bd*, our re-only a single sgRNA corresponding to the triple gene
block proteins was observed in WCMV-infected tissue sults revealed that readthrough of the bd ORF occurs in
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the presence of three separate termination codons in the level of bc translation is so much lower than the
relative level of the BYDV 17-kDa protein. The structure ofvitro. This observation is similar to other findings with
moloney murine leukemia virus (Feng et al., 1990) and mRNAs can also modulate translational initiation (Kozak,
1991b). In the case of BYDV, the secondary structuretobacco mosaic virus (Skuzeski et al., 1991).
To search for possible analogues to the bd* ORF of around the first AUG appears to contribute to reduced
ribosomal initiation of the 22-kDa product (Dinesh-KumarBSMV in the potex- and furovirus groups, the published
sequences (Bouzoubaa et al., 1986; Huisman et al., 1988) and Miller, 1993), and this probably is the primary contrib-
utor to the relatively equal amounts of the 22- and 17-kDawere examined. A UGA stop codon is present 18 nt down-
stream of the UAG stop codon of the PVX 12-kDa ORF, translation products. It is also possible that secondary
structures within the region separating the two AUGswhereas a second UAA appears 12 nt after the stop
codon of the BNYVV 12-kDa ORF. Thus, if putative bd* on sgRNAb2 may inhibit translation of the bc protein.
However, more extensive analyses are needed to defineanalogues are expressed from the genomes of the potex-
and furoviruses, ribosomes will have to read through two such regions on sgRNAb2 and to determine their possi-
ble roles in translation.closely spaced termination codons, which appears to be
unlikely. Therefore, the biological significance, if any, of
the bd* protein is not clear, and bd* may be unique to ACKNOWLEDGMENTS
BSMV.
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